
- 1 - 



%3 



10 




20 



25 



EXPOSURE APPARATUS AND 
DEVICE MANUFACTURING METHOD USING THE SAME 

FIELD OF THE INVENTION AND RELATED ART 

This invention relates an exposure 
apparatus and a device manufacturing method using 
the same. More particularly, the invention 
concerns an exposure apparatus and a device 
manufacturing method in which a projection 
exposure step is carried out by using laser light 
outputted from a continuous emission excimer 
laser . 

For measurement ofi/wavef ront aberration 
of a projection optical sWtem, an interferometer 
may be incorporated inty^ a projection exposure 
apparatus. However, i/ a light source for such 
interferometer is provided separately from a light 
source for the exposure process, it would lead to 
bulkiness of th^/exposure apparatus as a whole. 

SUMMARY OF THE INVENTION 

It is accordingly an object of the 
present invention to avoid bulkiness of an exposure 
apparatus which otherwise might result from 
introduction of an interferometer into the 
exposure apparatus . 

In accordance with an aspect of the 
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present invention, there is provided an exposure 
apparatus, comprising an illumination optical 
system for illuminating a pattern of a reticle with 
laser light outputted from a continuous emission 
5 laser; a projection optical system for projecting 
the illuminated pattern onto a subject to be 
exposed; and an interferometer operable while 
using laser light outputted from said continuous 
C3 emission laser. 

In accordance with another aspect of the 
Cn present invention, there is provided a device 

lis 

manufacturing method, comprising the steps of 
exposing a wafer to a pattern by use of an exposure 
apparatus as recited above, and developing the 
15 exposed wafer. 

These and other objects, features and 
advantages of the present invention will become 
more apparent upon a consideration of the following 
description of the preferred embodiments of the 
present invention taken in conjunction with the 
accompanying drawings . 
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BREIF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a schematic view of a 
projection exposure apparatus according to a first 
embodiment of the present invention. 

Figure 2 is a schematic view of a 



projection exposure apparatus according to a 
second embodiment of the present invention. 

Figure 3 is a schematic view of a 
projection exposure apparatus according to a third 
embodiment of the present invention. 

Figure 4 is a schematic view of a 
continuous emission excimer laser shown in Figure 
3 . 

Figure 5 is a block diagram for 
explaining the structure of an illumination 
optical system shown in Figure 3. 

Figure 6 is a sectional view, showing an 
example of a lens structure of the projection 
optical system of Figure 3. 

Figure 7 illustrates aberrations of the 
projection optical system of Figure 6. 

Figure 8 is a schematic view of a 
projection exposure apparatus according to a 
fourth embodiment of the present invention. 

Figure 9 is a flow chart of microdevice 
manufacturing processes . 

Figure 10 is a flow chart for explaining 
details of a wafer process in the procedure shown 
in Figure 9 . 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Preferred embodiments of the present 
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xnven1:±on will now be described with reference to 
the attached drawings . 

Figure 1 is a scltfematic view of a 
projection exposure apparatxis according to a first 
exabodiment of the present j'nvention. The 
projection exposure apparalfus of this embodiment 
is usable for manufacture or various devices such 



as, for example, semicondu 



crystal devices, image pickt p devices and magnet 



on exposure apparatus 
id-repeat type or 



heads. Also, this project: 
can be applied to a step-a 

step-and-scan type projection exposure apparatus 
having a resolution not greiater than 0.13 micron, 
for example. 

In Figure 1, a continuous emission laser 



tor devices , liquid 



:ic 



for example, for 
ng a center wavelength 



1 may be an excimer laser 
producing laser light havj 
193 nm and a half bandwidth not greater than 0.1 
pm. Most of the laser lilht emitted from the 



1 passes through a 
|(beam splitter) 51, and 



continuous emission laser 
semi -transmission mirror 

it is transformed into inl:oherent light by means 
of an incoherency transforming unit for an 
illumination optical sysibem. Thereafter, the 
laser light enters the illumination optical system 
10. Then, by means of this illumination optical 
system 10, the laser lilght is transformed into 
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Illumination light: having a predet:ermlned 
sectional shape ^mdi having a uniform light 
Intensity dl^^€r Ibu tlon , which In turn Illuminates 
a retlcleyHR, 

A projection optical system 3 serves to 
project a circuit pattern of the reticle as 
Illuminated with the laser light, onto a wafer W 
In a reduced scale, by which the wafer W Is exposed. 
The wafer W has a plurality of shot regions defined 
thereon. The projection exposure process such as 
described above Is performed In relation to each 
shot region on the wafer In accordance with 

single-shot exposure or scan exposure. 

The wafer W Is held on a movable stage 
4, and It can be moved along an Image plane of the 
projection optical system 3 and also along the 
optical axis direction of the projection optical 
system 3. Fixedly mounted on this movable stage 
4 Is an aberration-free reflection member MR which 
comprises a spherical mirror of concave shape. 
This reflection member MR Is a component of an 
Interferometer . 

The exposure appa^tus has an 
aberration-free optical sysrtem L (Including an 
objective lens, for exam^e) which Is another 
component of the Interferometer. For measurement 
of the wavefront aber^tlon of the projection 
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optical system 3, the aberration-free optical 
system L is inserted, by meaAs of a driving 
mechanism (not shown) , betwein a reticle stage 14 
for holding the reticle R ai/d a condenser lens of 
the illumination optical syitem 10. For exposure 
of the wafer W which is the /subject to be exposed, 
on the other hand, the abirration-f ree optical 
system L is retracted thJrefrom. The wavefront 
aberration of the projection optical system 3 is 
measured before a reticli R is placed on the stage 
14 or, alternatively, after the reticle R is 
retracted from between Ithe illumination optical 
system 10 and the projection optical system 3, with 
the movement of the reticle stage 14. A portion 
of the laser light reflected by the 
semi-transmission mifcror 51 is reflected by 
another mirror 11 whifch constitutes a relay optical 
system, and additioAally , the light is reflected 
by another semi-tr Jnsmission mirror 15 and it 
enters the aberratilon-f ree optical system L. The 
aberration-free opltical system L serves to form a 
light spot (which functions as an object point for 
the measurement) lat an arbitrary object height 
position (image hiight position) of the projection 
optical system 3//. Also, after this, the optical 
system L focusesi the laser light from the spot so 
that it can entei: the projection optical system 3. 
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For measurement: of the wavefront 
aberration of the projection optical system 3, the 
aberration-free optical system L is inserted 
between the reticle stage 14 and the illumination 
optical system 10 , as described above . In addition 
to this, the movable stage 4 is actuated so that 
the curvature center of the reflection member MR 
fixed to the wafer stage 4 coincides with the image 
height position corresponding to the 



^3 10 above-described Ob ject height position . Here, the 
£g aberration-free optical system L, the projection 



optical system 3 and the reflection member MR 
constitute an interferometer. 

The laser light outputted from the 

15 continuous emission excimer laser which functions 
as a light source both for the exposure and for the 
measurement, goes through the aberration-free 
optical system L and the projection optical system 
3 , and it impinges on the reflection member MR . The 

20 laser light is reflected by the reflection member 
MR, and again it passes through the projection 
optical system 3, The laser light passing through 
the projection optical system 3 interferes with 
reference light which is provided separately by 
25 laser light outputted from the continuous emission 
laser 1, whereby an interference fringe 
(interference pattern) is produced. This 
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in-terference fringe reflects the wavefront 
aberration of the projection optical system 3. 

The thus prpduced interference fringe 
is imaged by means of an imaging lens (not shown) , 
upon a photoelectric ponverter 13. The 
photoelectric converter 13 converts it into a video 
signal which, in turr|, is applied to an operation 
unit 8. The operation unit 8 analyzes the video 
signal, whereby spherical aberration data which 
represents the wavefront aberration of the 
projection optical ^stem 3 is produced. Also, the 
operation unit 8 may operate to evaluate the state 
of the projection optical system 3, on the basis 
of the thus obtairfed wavefront aberration data. 
Further, on the basis of the result of evaluation, 
the operation unitlmay perform optimization of the 
optical performanpe of the projection optical 
system 3 automatilcally , by using an aberration 
adjusting mechanism of known type (e.g., a 
mechanism for moving one or plural lens elements 
in the optical aalis direction) , or it may move the 
wafer stage 4 idl the optical axis direction. 
Alternatively, €he operation unit may prohibit the 
exposure operatlion . 

As regards the interferometer to be 
provided by the aberration-free optical system L, 
the pro jectionloptical system 3 and the reflection 
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member MR, those well known in the art, that is, 
Fizeau type, Twyman-Green tyLe , and Mach- Zehnder 
type, for example, are preferable. The structure 
of the aberration -free opt ileal system L may be 
5 determined in accordance with the type of 
interferometer to be used.// Fizeau type 
interferometers are particularly preferable 
because they are simple ijri structure . Since 
continuous emission laseW/s have a long coherence 
10 length, an interference fringe of high contrast can 
be produced even by a Fiz^bau type interferometer. 

Continuous emission excimer lasers have 
a tendency that the emission wavelength changes 
with time. In consideration of it, where a 
15 continuous emission exJimer laser is used as the 
continuous emission laier 1, for accurate 
measurement of the interference fringe, that is, 
the wavefront aberratiJn, preferably a wavelength 
stabilization mechanisU to be described later may 
be provided to stabilize the emission wavelength 
of the continuous emilssion laser 1. 

The projec|bion optical system 3 may 
comprise either a diiptric system constituted by 
a lens system, or a catadioptric system constituted 
by a combination of llplural lenses and a concave 
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mirror. Where the 



alf bandwidth is small , as a 



dioptric system, a |.ens system being made of a 
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single glass mat:er±al can used. 

Figure 2 is a schematic view of a 
projection exposure apparatus according to a 
second embodiment, which corresponds to a modified 
form of the projection exibosure apparatus of the 
first embodiment. Unless|mentioned specifically, 
it has similar features al of the first embodiment 
shown in Figure 1. The ^irst embodiment shown in 
Figure 1 uses a semi- transmission mirror 51 to 
direct a portion of the liser light, outputted from 
the continuous emissiori laser 1, toward the 
aberration-free optical system L. On the other 
hand, in the second embbdiment shown in Figure 2, 
there is a light path slritching mirror 52 which is 
disposed between the ofontinuous emission laser 1 
and the exposure illumination optical system 10. 
For measurement of the|wavef ront aberration of the 
projection optical syd[tem 3, by means of the light 
path switching mirror! 52, the while laser light 
outputted from the continuous emission laser 1 is 
directed to the aberrc.tion-f ree optical system L. 
Further, while the first embodiment uses an 
incoherency transforning element, the second 



embodiment does not 
also in the second ei 
embodiment, an incohe 
may be provided betwe 



Ise such element. However, 
►odiment, like the first 
rency transforming element 
n the light path switching 
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mirror 52 and the illumination optical system 10. 

Figure 3 is a schematic view of a 
projection exposure appara|tus according to a third 
embodiment of the present! invention. The 
projection exposure apparatus of this embodiment 
is usable for manufacture? of various devices such 
as, for example, semiconductor devices, liquid 
crystal devices, image pickup devices and magnetic 
heads . This projectioii exposure apparatus 
concerns a step -and- scan type exposure apparatus 
having a resolution not greater than 0.13 micron, 
for example . Unless lAentioned specifically , it 
has similar features |ks of the first embodiment 
shown in Figure 1 . 

Also in the third embodiment shown in 
Figure 3, like the filrst embodiment, there are an 



aberration -free opti 
optical system 3 and 



:al system L , a projection 
a reflection member MR which 
constitute an interferometer. By means of this 
interferometer , the! wavef ront aberration of the 
projection optical feystem 3 is measured, and 
adjustment of the sLme is performed . The beam 
splitter 51 may be Replaced by a switching mirror 
52 such as shown ir| Figure 2 . 

Denoted In Figure 3 at 1 is a continuous 
emission ArF excimfer laser having a center 
wavelength 193 nm Jnd a half bandwidth not greater 
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than 0.2 pm, preferably, greater than 0.1 pm . 

Denoted at 10 is an Illumination optical system for 
illuminating a reticle R, having a circuit pattern 
formed thereon, with laserllight outputted from the 
laser 1 . Denoted at 3 is a projection optical 
system for projecting am image of the circuit 
pattern of the reticle R, onto a wafer W in a reduced 
scale. This projection optical system is provided 
by a lens system being Imade of a substantially 
single glass material. I Denoted at 4 is a wafer 
stage which is movable while holding a wafer W 
thereon. Fixedly mountled on this wafer stage 4 is 
a reflection member MR|having a spherical mirror. 

In the projection exposure apparatus 
shown in Figure 3, while the reticle is illuminated 
with slit-like illumination light having a 
rectangular or arcuaile sectional shape, the 
reticle R and the wafer W are moved along the 
widthwise direction pff the slit-like illumination 
light, and mutually |in opposite directions. In 
this manner, the circuit pattern of the reticle R 



wafer W. The re 
at a speed ratio coz 
magnification of the 
Denoted i 



is projected and prii^ted on each shot region of the 

ticl 5 



R and the wafer W are moved 
responding to the projection 
projection optical system 3. 
1 Figure 3 at 5 is a 



semi- transmission miJrror, and denoted at 6 is a 



- 13 - 



wavelength monitor. The jwavelength monitor 6 
receives a portion of "tho laser light, reflected 
by the semi- transmission mirror 5, to detect the 
wavelength of laser light. Denoted at 7 is an 
operation unit which is operable in response to an 
output of the wavelength nonitor 6, to detect any 
deviation of the current center wavelength with 
respect to the design wavelength. Also, the 
operation unit 7 is operaible to actuate a 
piezoelectric device 9 on the basis of the detected 
deviation amount. By meaAs of the operation unit 
7 and the piezoelectric device 9, a mirror for 
resonance of the continuous emission laser 1 can 
be minutely oscillated in the optical axis 
direction to change the resonator length, by which 
the emission wavelength of the continuous emission 
laser 1 can be controlled the design wavelength. 
As a result, the emission 
light can be maintained 
resonator length refers t 
between a pair of mirror 
light source. With this 
projection optical system 
being made of a substantia 



wavelength of the laser 
onstant. Here, the 
the optical path length 
provided in the laser 
arrangement, in the 
3 which is a lens system 
ly single glass material 



any variation in optical characteristics such as 
magnification, focal pointlvposi tion and aberration 
for example, due to chang^ in wavelength of the 
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laser light can|be avoided. Therefore, a circuit 
pattern of a reticle R can be projected onto a wafer 
W very accuratelly. 

In this embodiment, a mirror for the 
resonator is shifted in the optical axis direction 
thereby to change the resonator length. However, 
the resonator length may be changed by changing the 
pressure of a gas for excitation. 

Another operation y^it 8 serves to 
evaluate a video signal supplied from a 
photoelectric converter ^3 or any other 
information supplied fM^m other sensors, and also 
to correct any change Xn optical characteristic of 
the projection optical system such as 
magnification, fc^al point position and aberration, 
for example, or/ the basis of the result of 
evaluation, ^he optical characteristic 
correction ^ay be carried out, for example, by 
moving or^ or more lens elements of the projection 
optica V^system 3 or moving the movable stage 4 in 
the ojStical axis direction. Alternatively, it may 
be /^one in accordance with a method known in the 
t . 

Figure 4 is a schematic view of the 
continuous emission excimer laser 1 shown in Figure 
3. Denoted at 101 is a laser chamber in which a 
gas for excitation is circulated at a high speed. 
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Denoi:ed at: 103 is a dlelecbri-c member £or 
lnt:roduclng microwaves into the laser chamber 101. 
Denoted at 104 is a slot waveguide tube for guiding 
the microwaves , and denoted at 105 is a microwave 
5 emission source for supplying microwaves . Denoted 
at 109 is a shutter, and denoted at 110 is a control 
system for controlling the microwave emission 
source 105 and the shutter 109. Denoted at Ml is 
an output mirror for outputting light from the laser , 
10 and denoted at M2 is another mirror. The mirrors 
IZ Ml and M2 constitute an optical resonator for the 

LU 

f^l excimer laser 1. Here, the resonator length 

Y'i corresponds to the optical path length between the 

- mirrors Ml and M2 . 

'^"^ 15 In operation, microwaves generated by 

CQ the microwave emission source 105 are guided by the 

M microwave guide 104 and, through the microwave 

guide 104 and the dielectric member 103, the 
microwaves are introduced into the laser chamber 
20 101 and they continuously excite the excimer laser 
gas therein. Light produced from the thus excited 
excimer laser gas is reflected by the mirror M2 back 
to the laser chamber 101, and thus it promotes 
induced emission of light from the excited excimer 
25 laser gas. The thus produced light advances 
reciprocally inside the optical resonator, 
including the output mirror Ml and the mirror M2 , 
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and it promotes successive induced emissions of 
light. As a result of this, only light of a 
predetermined wavelength is amplified. Then, a 
portion of the thus amplified light is outputted 
via the mirror Ml . 

Figure 5 is a blofk diagram for 
explaining the structure oflthe illumination 
optical system 10 shown in Figure 3. In Figure 5, 
laser light emitted from thp continuous emission 
excimer laser 1 (Figure 3)1 is divided by a 
polarization control system 61 into at least two 
light beams. If it is bisection, for example, the 
laser beam may be dividedl into two light beams 
having mutually orthogonat polarization 
directions . A sectional intensity distribution 
uniforming system 2262 usjes the light beams thus 
divided , to make the seci 

distribution of the laserl light uniform. Both of 
the polarization control Isystem and the sectional 
intensity distribution uniforming system may be of 
a known type. Usually, [the sectional intensity 
distribution uniforming! system include at 

least one of a combination of a fly' s eye lens and 
a condensing optical system, and an optical pipe 



ional intensity 



(kaleidoscope) . 

Laser light ^ 
intensity distribution 



rom the sectional 
uniforming system 62 is 
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focused by a scanning opt:lcal/sys t:em 64 upon a pupxl 
plane o£ t:he illumlna'tlon optical sys-tem 10 . Then, 
one or t:wo galvano mlrrors/o£ -the scanning opt:lcal 
syst:em 64, provided for two-dimensional scanning, 
are actuated and rotated by a driving unit 63, by 
which a laser light spot formed on the pupil plane 
of the illumination optical system 10 is scanningly 
moved. As a result of this, a secondary light 
source (effective Izght source) having 
predetermined shape and size is produced on the 
pupil plane . The ^hus produced secondary light 
source may have a circular shape, a ring-like zone 
shape having a finite width, or a quadrupole shape, 
for example . ^^yp shape may be chosen automatically 
or manually in accordance with the type or size of 
the pattern of/ the reticle. The laser light from 
the scanning pptical system 64 goes through a 
masking blade imaging system 65, and it impinges 
on the reticle (not shown) . Consequently, the 
reticle is i/lluminated with slit-like light having 
a rectangular or arcuate sectional shape as 
described/above . 

The masking blade imaging system 65 
serves to form, upon the reticle, an image of a 
masking blade which is disposed before or after the 
above-described pupil plane and held optically 
conjugate with the reticle, such that it determines 
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the shape of the rectangular or arcuate slit. 

Also, the light reflecting position of 
one or two galvano mirrors provided for the 
two-dimensional scan and the position of the 
circuit pattern of the reticle are placed in an 
optically conjugate relation. Based on these 
relationships , the light beams produced 
successively with rotation of the galvano mirror 
or mirrors can be superposedly projected on the same 
region on the reticle . 

The pupil plane of the illumination 
optical system 2 is disposed in an optically 
conjugate relation with the pupil plane (aperture 
stop) of the projection optical system 3. There 
is no fly's eye lens or optical pipe between them. 
As a result, the light intensity distribution at 
the pupil plane of the illumination optical system 
is substantially directly projected on the pupil 
plane of the projection optical system 3. 

Here, if the scan speed of the reticle 
or wafer is V (mm/sec) , the width of the 
illumination light (slit) on the reticle is W (mm) , 
and the time necessary for drawing (producing) a 
secondary light source on the pupil plane once is 
T (sec) , the galvano mirror driving unit 63 operates 
to scanningly move the laser light spot so as to 
satisfy a relation W/V = nT , where n is an integer. 
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As a result of this, the whole shot region on the 
wa£er can be exposed on the basis of the effective 
light source of the same shape, such that uniform 
exposure is assured. 
5 Figure 6 shows an example of a lens 

structure of a projection optical system 3, and 
Figure 7 illustrates aberrations of the projection 
optical system 3 of Figure 6 . 

In the projection optical system 3 of 
10 Figure 6, all the lens elements thereof are made 
1% of synthetic quartz (Si02) . It has a projection 

magnification of 1/4. The image side numerical 
aperture is NA = 0.65, and the object-to-image 
distance (distance from reticle R to wafer W) is 
15 L = 1000 mm. The design wavelength is 193 nm and, 
as regards the field range, the diameter of the 
exposure region upon the wafer is 27.3 mm . Further , 
the projection optical system is substantially 
telecentric, both on the object side (reticle side) 
20 and the image plane side (wafer side) . 

Table 1 below shows the lens data of the 
projection optical system 3 of Figure 6. 
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Table 1 : 



i 


ri 


dt 


ni 


1 


0.000 


21.483 


1.56020 


2 


-234.177 


32.837 




3 


-217.725 


11.000 


1.56020 


4 


417.996 


33.850 




5 


0.000 


22.458 


1.56020 


6 


-187^7 


0.700 




7 


146.365 


26.S64 


1,56020 


8 


2044.065 


74.989 




9 


—217.939 


11.000 


1.56020 


10 


218.942 


19.185 




11 


— 111.200 


11-000 


1.56020 


12 


162.388 


83.304 




13 


4095.070 


42.510 


1.56020 


14 


— 165.000 


0.700 




15 


203.723 


45.798 


1-56020 


16 


-760.044 


82.340 




17 


-193.459 


11.000 


1.56020 


18 


188.694 


20.034 




19 


0.0(stop) 


68.080 




20 


-2876.458 


19.965 


1-56020 


21 


-387.830 


0.700 




22 


366.325 


37.399 


1^6020 


23 


-613.820 


45.002 




24 


243.386 


40.478 


1-56020 


25 


-4311.737 


0.700 




26 


181^15 


35.797 


1.56020 


27 


881 ,126 


0.700 




28 


119.183 


27.705 


1.56020 


29 


256-810 


. 9,045 




30 


770-652 


11.000 


1.56020 


31 


80.000 


10.112 




32 


122.097 


47.000 


1.56020 


33 


275.295 







aspherical surfaces 

1 K 

2 O.OOOOOOe+000 

3 O.OOOOOOe+000 
7 O.OOOOOOe+OOO 

11 O.OOOOOOe+000 

17 O.OOOOOOe+OOO 

23 O.000000e-K)00 

32 O.OOOOOOe+000 



-1.11 421 2e-007 
-7.330288e-008 
1-794366e-008 
-1.0727016-007 
-1 .232061 e-008 
5.1432086-009 
Z598613e-008 



B 

1.0601756-011 
1.8779776-011 
-1.7466206-012 
-1^425966-012 
1.8816936-012 
1.8956586-013 
5.1414106-012 



-7.2791186-016 
-1-6543046-015 
2^195566-016 
7-0300226-016 
2,9481126-017 
-2.9542216-018 
-1.7434876-016 



1 D 

2 4.27S5O46-O20 

3 1.1540056-019 
7 -1.2505576-020 

11 5.4495686-020 

17 -2.5846186-021 

23 5.2047196-023 

32 4.9631 946-O20 



-7.9626370-025 
-3.6362006-024 
4-8669956-025 
5.1430566-023 
1.2295206-026 
-5.427645e-028 
-1.9473706-023 



O.OOOOOOe+OOO 
O.O000(X)e+O0O 
O.OOOOOOe+OOO 
O.OCX)00Oe+0O0 
O.OOOOOOe+000 
O.OOOOOOe+000 
O.OOOOOOe+000 



O.OOOOOOe+OOO 
O.OOOOOOe+000 
O.OOOOOOe+OOO 
O.OOOOOOe+OOO 
0.0fflXX)0e+000 
O.OOOOOOe+OOO 
O.OOOOOOe+OOO 
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In Table 1 , rx is the curvature radius 
of the i-th surface in an order from the object side, 
di is the lens thickness of the i-th lens or the 
size of the i-th air spacing, in an order from the 
object side, and ni is the refractive index of the 
glass of the i-th lens in an order from the object 
s i de . 

Here, an aspherical shape is given by 
equation (1) below: 

X= ^^^^ r • H^+B • H6+C • HS 

1+0 -(Hk) • (H/h)2)~ 

+D • H^^H-E - Hi^+F • H^^+G ■ H^^-^— (i) 



wherein X is the amount of displacement from the 
lens vertex in the optical axis direction, H is the 
distance from the optical axis, ri is the curvature 
radius, k is the conical constant, and A - G are 
aspherical coefficients . 

The refractive index of quartz with 
respect to the exposure wavelength of 193 nm is 
1.56020* Also, the local curvature power PH of an 
aspherical surface is given by equation (2) below, 
while taking the aforementioned aspherical surface 
equation (1) as the function of X(H) . 
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P 

3 

where p=-^ — ^ (2) 

wherein N and N' are the refractive indices of 
mediums before and after the refraction surface. 

The projection opt/ical system 3 of 
Figure 6 comprises, in an ordel: from the object side 
(reticle side) , a first lerp group LI having a 
positive refractive power, /a second lens group Ij2 
having a negative refractive power, a third lens 
group L3 having a positive refractive power, a 
fourth lens group L4 having a negative refractive 
power, a fifth lens group L5 having a positive 
refractive power, a s^xth lens group L6 having a 
negative refractive power, and a seventh lens group 
L7 having a positive/ refractive power. It uses 
seven aspherical sv^faces as much. 

The first lens group LI comprises a 
single aspherical-surf ace positive lens, having a 
flat-convex shape with its convex surface facing 
to the image side. The aspherical surface at r2 
includes a region in which the local curvature power 
changes in a positive direction. With this 
aspherical surface, mainly a positive distortion 
aberration (distortion) is produced, which is 
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con trlbu^able to correction of distortion. 

The second lens group Ii2 comprises a 
single aspherical surface negative lens, having a 
biconcave shape. The aspherical surface at r3 
includes a region in which the local curvature power 
changes in a negative direction. Also, with 
respect to the surface r2 of the lens group LI, it 
includes a region in which the local curvature power 
changes in an opposite direction. 

The third lens group LB comprises, in an 
order from the object side, a positive lens of a 
flat-convex shape and having a convex surface 
facing to the image side, as well as an aspherical 
positive lens of an approximately flat-convex 
shape and having a convex surface facing to the 
object side. 

The fourth lens group L4 comprises, in 
an order from the object side, a negative lens of 
a biconcave shape, and an aspherical-surf ace 
negative lens, having a biconcave shape. The 
aspherical surface at rll includes a region in which 
the local curvature power changes in a negative 
direction. Also, with respect to the surface r2 
of the lens group LI, it includes a region in which 
the local curvature power changes in an opposite 
direction. This aspherical surface is effective 
mainly to assure well-balanced correction of the 
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xmage field aberration and coma, for example. 

The fifth lens group L5 comprises, in an 
order from the object side, a positive lens of an 
approximately flat-convex shape and having a 
convex surface facing to the image side, as well 
as a positive lens of a biconvex shape. 

The sixth lens group L6 comprises a 
single aspherical - surf ace negative lens having a 
biconcave shape. With this aspherical surface, 
mainly, spherical aberration and coma to be 
produced by a strong negative refracting power can 
be corrected effectively. 

The seventh lens giJoup L7 comprises, in 
an order from the object sidel (i) a positive lens 
of a meniscus shape and having a convex surface 
facing to the image side, (ii/ an aspherical surface 
positive lens having a biconvex shape, (iii) a 
positive lens of an approacimately flat-convex 
shape and having a convex surface facing to the 
object side, (iv) two posiltive lenses of a meniscus 
shape and having a convex surface facing to the 
object side, (v) a negatiive lens of a meniscus shape 
and having a concave surface facing to the image 
side, and (vi) a positive lens of a meniscus shape 
and having a convex supface facing to the object 
side. In this seventh, lens group L7 , the 
aspherical surface where an axial light flux which 
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is a light flux emitted from the a^is upon the object 
surface is used at a higher p^ition, serves mainly 
to correct a negative s^i^erical aberration to be 
produced by the sevent^lens group that has a strong 
5 positive refracting power. Also, the aspherical 
surface used at/the convex surface adjacent the 
image plane y^s contribu table mainly to assure 
well-balanfced correction of the coma and 
dis tor^^on 

O 

10 In accordance with the projection 

IQ optical system 3 of this embodiment, aspherical 

y = 

iJ surface lenses are introduced at five surfaces, 

ro 

Ly particularly, before the stop. Mainly, this 

1,:^ enables well-balanced and effective correction of 

15 the distortion, astigmatism and coma, for example. 
Further, in this projection optical system, a 
surface which is very influential to abaxial chief 
rays is formed by an aspherical surface, this being 
very effective mainly to correct aberrations 
20 related to abaxial rays and also being effective 
to reduce burdens for correction of other 
aberrations. This assures a good optical 
performance . Seven aspherical surface lenses are 
used in this projection optical system, by which 
2 5 an optical system comprising a very small number 
of lens elements (sixteen in total) , is 
accomplished while satisfying a large numerical 
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aperture NA, on the other hand. 

The projection optical system 3 shown in 
Figure 6 comprises a monochromatic lens system in 
which all the lens elements are made of synthetic 
quartz (Si02) . However, in the projection optical 
system of Figure 6, one or two lens elements of the 
seventh lens group L7 , which are closest to the 
wafer, or a cover glass member (not shown) used 
therein, may be made of fluorite (CaF2) . This 
improves the durability of the lens system. Thus, 
in the present invention, those referred to by the 
words "a lens system comprising a substantially 
single glass material" include lens systems such 
as described above . 

Figure 8 is a schematic view of a 
projection exposure apparatuls according to a 
fourth embodiment of the present invention. In 
Figure 8, those elements corresponding to the 
components of the projection exposure apparatus of 
Figure 3 are denoted by the same reference numerals 
and characters, and descz/iption therefor is 
omitted. In the projection exposure apparatus of 
Figure 8, the output of dhe wavelength monitor is 
applied also to an operation unit 8, in addition 
to the operation unit ll The operation unit 8 
operates on the basis op any variation in output 
of the wavelength monit/br 6 (that is, variation in 
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wavelength of the laser light) , £n addition to the 
output of the photoelectric cjbnverter 13, and 
corrects a change in optical miaracteris tic of the 
projection optical system 3 such as magnification, 
focal point position and aix^rration, for example. 
The correction of optical/ characteristic may be 
made by moving one or pliiral lenses of the 
projection optical system 3 or the movable stage 
4 in the optical axis d|Irection, or in accordance 
with any other method known in the art. With the 
provision of the funcjcion for correcting the 
optical characteristic of the projection optical 
system 3, such as dd'scribed above, wavelength 
stabilization through the operation unit 7 and the 
piezoelectric deviae 9 and correction of optical 
characteristic canlbe performed selectively or, 
alternatively, botp may be done. 

The projection exposure apparatus of 
the embodiment shown in Figure 8 is provided with 
a mechanism for injecting pulse light, as produced 
by a pulse emission ArF excimer laser 201 having 
a center wavelength 193 nm and a half bandwidth not 
greater than 1 pm , into the continuous emission 
excimer laser 1, such that the emission wavelength 
of the continuous emission excimer laser 1 can be 
held at the emission wavelength of the pulse light. 
This procedure is called injection locking. 
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In con'txnuous emxsplon excxmer lasers, 
in some cases it: t:akes a sups'tani:ial time un'til , 
after start of the emission/ the center wavelength 
becomes equal to a design value (usually, the same 
as the wavelength with respect to which an optical 
system is designed) or alternatively, in worst 
cases, the emission wave-length does not come to the 
design value. If, on the other hand, in accordance 
with the injection Ic^bking method, the pulse 
emission excimer laser light having a center 
wavelength the same/as the design wavelength 
thereof and having its bandwidth narrowed to 1 pm 
or less is injecteci into a continuous emission 
excimer laser, the emission wavelength of the 
continuous emission excimer laser can be held at 
the design wavelength 193 nm thereof, just from 
start of the emission. 

A portion of the laser light outputted 
from the pulse emission excimer laser 201 is 
reflected by a semi- transmission mirror 203, and 
it enters a wavelength monitor 204 . The wavelength 
monitor 204 serves to detect the wavelength of the 
pulse laser light, and it applies the detection 
result to an operation unit 202. On the basis of 
the output of the wavelength monitor 204, the 
operation unit 202 detects the amount of any 
deviation of the current center wavelength of the 
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pulse laser light, from the design wavelength. 
Also, on the basis of the thus detected deviation, 
the operation unit 202 actuates a band-narrowing 
element inside the pulse emission excimer laser 201 
(for example, it may be a prism, a diffraction 
grating or an etalon) , so as to assure that the 
center wavelength of the pulse emission excimer 
laser 201 becomes equal to the design wavelength 
193 nm. As a result of this, the pulse laser light 
whose center wavelength is held at 193 nm can be 
injected into the continuous emission excimer 
laser 1. During this injection, a wavelength 
stabilization mechanism (5, 6, 7, 9) for the 
continuous emission excimer laser may be operated, 
such that the center wavelength of the continuous 
emission excimer laser 1 can be quickly held at the 
design wavelength 193 nm . After this, the 
injection locking may be discontinued, unless the 
continuous emission excimer laser 1 is restarted. 
Even if the injection locking is discontinued, as 
long as the wavelength stabilization mechanism (5, 
6, 7, 9) is held in operation , the center wavelength 
of the laser light outputted from the continuous 
emission excimer laser 1 can be maintained constant. 
Thus, in the projection optical system 3 which is 
a monochromatic lens system, any variation in the 
optical characteristics thereof such as 
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magnification, focal point position or aberration, 
for example, due to changes in wavelength of the 
laser light from the continuous emission excimer 
laser 1, can be avoided. As a result, a circuit 
pattern of a reticle can be projected on a wafer 
W very accurately. 

In accordance with this embodiment of 
the present invention, a projection exposure 
apparatus by which a pattern image of a resolution 
not broader than 0.09 micron is attainable, is 
accomplished . 

In this case, the exo^er laser 1 may be 
a continuous emission F2 e^^^imer laser having a 
center wavelength 157 nia/and a half bandwidth 0.1 
pm or less, preferablj^ not greater than 0.08 pm . 

In accordance with the embodiments of 
the present inWntion as described above, 
bulkiness of exposure apparatus which otherwise 
might restaur from introduction of an 
interf er^eter into the exposure apparatus, can be 
avoided. 

Next, referring to Figures 9 and 10, an 
embodiment of a device manufacturing method which 
uses a projection exposure apparatus such as 
described above, will be explained. 

Figure 9 is a flosif chart for explaining 
the procedure of manuf aclniring various 
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microdevices such as semiconductor chips (e.g., 
ICS or LSIs) , liquid crystal panelfs , CCDs , thin film 
magnetic heads or micro-machines, for example 
Step 1 is a design process ^Q/^ designing a circuit 
of a semiconductor device, /step 2 is a process for 
making a mask on the basi^ of the circuit pattern 
design. Step 3 is a profcess for preparing a wafer 
by using a material si^ch as silicon. Step 4 is a 
wafer process which called a pre-process wherein, 
10 by using the thus pr^fepared mask and wafer , a circuit 
is formed on the ^afer in practice, in accordance 
with li thographjf , Step 5 subsequent to this is an 
assembling stOT> which is called a post-process 
wherein the Wafer having been processed at step 4 
15 is formed irito semiconductor chips. This step 
includes dn assembling (dicing and bonding) 
process ^nd a packaging (chip sealing) process. 
Step 6 /.s an inspection step wherein an operation 
check/ a durability check an so on, for the 
20 semiconductor devices produced by step 5, are 

carried out. With these processes, semiconductor 
^vices are produced, and they are shipped (step 
) • 

Figure 10 is a flow chart for explaining 
25 details of the wafer process. Step 11 is an 

oxidation process for oxidizing the surface of a 
wafer. Step 12 is a CVD process for forming an 
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insulating film on the wafer surface. Step 13 is 
an electrode forming process for forming 
electrodes upon the wafer by vapor deposition. 
Step 14 is an ion implanting process for implanting 
ions to the wafer. Step 15 is a resist process for 
applying a resist (photosensitive material) to the 
wafer. Step 16 is an exposure process for printing, 
by exposure, the circuit pattern of the mask on the 
wafer through the exposure apparatus described 
above. Step 17 is a developing process for 
developing the exposed wafer. Step 18 is an 
etching process for removing portions other than 
the developed resist image. Step 19 is a resist 
separation process for separating the resist 
material remaining on the wafer after being 
subjected to the etching process. By repeating 
these processes , circuit patterns are superposedly 
formed on the wafer. 

With these processes, high density 
microdevices can be manufactured. 

While the invention has been described 
with reference to the structures disclosed herein, 
it is not confined to the details set forth and this 
application is intended to cover such 
modifications or changes as may come within the 
purposes of the improvements or the scope of the 
following claims . 



